Abstract-The Tile Calorimeter, TileCal, is the central hadronic calorimeter of the ATLAS experiment, positioned between the electromagnetic calorimeter and the muon chambers. It comprises alternating layers of steel (as absorber material) and plastic (as active material), known as tiles. Between 2009 and 2012, the LHC has performed better than expected producing proton-proton collisions at a very high rate. These conditions are really challenging when dealing with the energy measurements in the calorimeter since not only the energy from an interesting event will be measured but a component coming from other collisions, which are difficult to distinguish from the interesting one, will also be present. This component is referred to as pile-up noise. Studies carried out to better understand how pile-up affects calorimeter noise under different circumstances are described.
I. INTRODUCTION
T HE ATLAS detector [1] is one of the four main detectors in the Large Hadron Collider (LHC). Unlike LHCb and ALICE, which were designed to specifically analyse the production of B mesons and the collisions of lead ions respectively, the ATLAS detector is a multi-purpose detector which, along with the CMS, was designed to explore the full physics potential of the LHC. ATLAS consists of several layers, each with a specific purpose in the reconstruction of particles. The main detector components are the inner detector (ID), the electromagnetic (EM) and hadronic calorimeters (HEC in the forward region and TileCal in the central region) and the muon chambers. The TileCal [2] is composed by steel as the absorber and scintillating tiles as the active material and was designed to measure the energy deposition of hard interacting particles. It consists of one central barrel (divided in two parts LBA and LBC) and two extended barrels (EBA and EBC) composed of 64 wedges, also known as modules. The light produced by the particles interacting with the scintillating tiles is collected by wavelength shifting fibers which are bundled together to form cells with three sampling layers (A, BC and D), and with a granularity of Δη × Δφ = 0.1 × 0.1 (0.1 × 0.2 for the last layer) 1 . Every cell is read from both sides in order to provide redundancy and the readout of each module is grouped in assemblies of 48 readouts units hosted at the outer radius of the calorimeter. Figure 1 shows a transversal view of the Tile Calorimeter. Between 2009 and 2012, the LHC operated at a center of mass energy of 7 and 8 TeV, with a bunch-crossing space of 50 ns (some test runs were made also with 25 ns) and an integrated luminosity recorded by ATLAS and suitable for physic analysis of 23 fb −1 with up to ∼ 10 9 proton-proton collisions per second. In this environment, the detectors had to face the effect of multiple interactions from adjacent bunch-crossings relative to the one triggered by an interesting collision event. These multiple interaction are referred as pile-up and they become more important as the LHC performance continues to increase until it operates at its designed configuration providing an energy of center of mass of 14 TeV, a bunch-crossing space of 25 ns and several aptobarns of integrated luminosity. Pile-up collisions can be found when two different collisions in the same bunch-crossing deposit energy on a given calorimeter cell. In this case it is referred as in-time pile-up. Pile-up also arises when the time interval between consecutive bunches crossing is lower than the detector integration time and therefore proton-proton collisions from different bunch-crossing may be integrated in the same event. This is referred as out-of-time pile-up. The energy deposited by these pile-up interactions has an effect on the energy measurement corresponding to the objects belonging to an interesting event. When an interesting event occurs, not only its energy will be measured but a component coming from the pile-up events will also be present in the calorimeter. This component is referred as pile-up noise and it becomes the dominant component of the cell noise when pile-up increases. Understanding the impact of pile-up in the noise of the TileCal cells is important since the cell energy measured is the key ingredient for the reconstructions of the calorimeter objects like, for example, clusters of energy deposition which is the base constituent for missing transverse energy and jets. Understanding different behaviour of the pileup noise as a function of different observables related to the detector geometry are key for a proper reconstruction of calorimeter objects. The dependence of the noise on the number of interaction per bunch-crossing and the position of a given energy deposition in the calorimeter are some examples.
II. NOISE DEPENDENCE WITH PILE-UP
When particles produced in a collision travel through the calorimeter they deposit energy in each calorimeter cell. The energy measured in a given cell has it main contribution from the event that was triggered but it also has contribution from adjacent events. The average number of interactions taking place in the detector, denoted by μ , affects the energy measurement increasing with the extra energy deposited from adjacent events as pile-up increases. Figure 2 shows the energy deposited in a given cell of the layer A, the closest to the beampipe, in the EBA partition for different pile-up conditions. It can be seen that for μ = 30 the energy distribution is wider than for a lower pile-up configuration μ = 20. This shows what the impact of pile-up events is on the energy measurement in the calorimeter.
A. RMS as the noise estimator
In order to study the noise dependence with pile-up the RMS of the energy distribution is used as the noise estimator:
where E 2 is the mean of the energy square deposited in each cell and E 2 is the square of the mean energy deposited in a cell. Figure 3 shows how the noise behaves as a function of η for zero-bias data collected with a bunch-spacing of 50 ns and μ = 15.7. Since the detector is symmetric, the pileup noise behaves similarly for positive and negatives values of η and thus only |η| is shown. It can be noticed that for higher values of |η|, which means the forward region of the calorimeter, the noise increases and decreases in the most forward region. A combination of different effects result in this behaviour. On one hand, the interaction between the particles produced in the collision and the upstream material (found in the gap between the central and extended barrel) degrades the energy measurement increasing the noise measured. On the other hand, for the most forward region, the distance travelled by particles will be higher diminishing the activity measured and the noise.
The bunch-crossing spacing is another important factor which impacts the pile-up noise. In the first operation phase the LHC has been running with a bunch-spacing of 50 ns which is going to be updated to 25 ns for the second operation phase. Under these conditions the detector will have to deal with more collisions happening within the same integration time, which increases the chances of measuring residual energy deposition of previous collisions. Figure 4 shows how the noise behaves as a function of |η| for zero-bias data collected with a bunchspacing of 25 ns and μ = 10. As it will be discussed later, the noise increases with the mean number of interaction per bunch-crossing. Since Figure 3 is derived using a run with higher μ than the one used in Figure 4 it would be expected to see lower noise values in the 25 ns case. Nonetheless, the noise values observed in both figures are similar due to the noise increase when the bunch-spacing decreases.
Another important behaviour that needs to be studied is how the noise behaves as a function of μ . In the first operation phase of the LHC, neither the LHC nor the ATLAS detector have been working at their design configuration. In the second operation phase the LHC will be operating at a higher energy of the center of mass (13 TeV) and is expected to deliver proton-proton collisions at a higher rate. This means that the number of pile-up events is expected to increase. Figure 5 shows how the noise, estimated with (1), behaves as a function of μ . As expected, it increases as the mean number of interactions per bunch-crossing increases and this behaviour is also implemented in the Monte Carlo simulation.
B. Using quantiles of the energy distribution as a noise estimator
An alternative noise estimator can be defined by finding the regions populated by a given fraction of events. This estimator also can be used to further characterise the shape of the energy distribution. In order to find different regions containing a given percentage of the events the quantiles of the energy distribution are derived. The energy is said to be the k th quantile of the energy distribution using a total of Q quantiles if Figure 7 , which shows the noise derived using the quantiles approach and the noise derived as the RM S scaled by a factor of 2 and 4. It can be seen that the noise, estimated using the quantiles procedure, disagrees with the scaled noise obtained with the RM S estimator, which shows the non-gaussian behaviour of the energy distribution. The difference increases in the tails of the distribution in which the estimation of the 4 × RM S value is smaller than the quantiles estimation for a 99.99% of the events.
The agreement between the noise estimated using the RM S and the noise derived using quantiles also depends on the cell position. As shown in Figure 8 , in which the layer D is shown, the disagreement between the 2 × RM S estimation and the quantiles estimation for the 95.45% of the events is noticeable.
III. CONCLUSIONS
The high rate of collisions delivered by the LHC implies a high number of pile-up events taking place inside the ATLAS detector. These pile-up events have an effect on the energy measured by the hadronic calorimeter, known as pile-up noise, and understanding the effect of pile-up is a key subject as higher number of interaction per bunch-crossing and smaller time spacing between proton bunches are expected for the second operation phase of the LHC. The noise measured in the TileCal cells can be estimated using the RM S of the energy distribution. Nonetheless this estimator does not give information about the tails of the distribution. Another noise estimator can be defined from the energy distributions by finding the confidence intervals that contains a given percentage of the events. This estimator can be identified with the RM S using the region that contains the 68%, but also can be used to investigate the tails of the distribution.
